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Introduction
"At the early stages of evolution, increasingly complex organisms developed powerful defense mechanisms against such adverse radiation effects as mutation and malignant change. These effects originate in the cell nucleus, where the DNA is their primary target. That evolution has apparently proceeded for so long is proof, in part, of the effectiveness of living things' defenses against radiation" Zbigniew Jaworowski 1999 "The notion of radiation hormesis, that exposure to low levels of ionizing radiation could produce beneficial effects, developed seriously in the late 1950's, and was, to most radiation scientists, incredible…More recent understanding of the mechanisms of radiation damage and repair, and discoveries of induction of gene expression by radiation and other genotoxic agents make it seem inevitable that under suitable conditions, irradiation will produce beneficial effects." Howard Ducoff 2002 Life on Earth is estimated to have originated about 3.9 billion years ago in a more hostile natural radiation environment (Karam and Leslie 1999; Bhatia 2008; Jaworowski 2008) . The radiation exposures involved both low linearenergy-transfer (LET) (e.g., beta and gamma radiations) and high-LET (e.g., alpha radiation) sources. The level of natural background radiation exposure of life forms during that era is estimated to have been five-fold larger than for recent times (Karam and Leslie 1999) . Mammals later emerged, and in doing so, survived via adapting to the harsh radiation and also oxygen environments. The adaptation over a long period of time led to the present-day hierarchical system of mild-stress activated natural protection (ANP). The known components of the ANP system include antioxidants, DNA damage repair, p53-related apoptosis of severely damaged cells, p53-independent apoptosis of precancerous and other aberrant cells, suppression of disease promoting inflammation, and immunity against cancer (Kondo 1998; Wolff 1998; Sakai et al. 2003 Sakai et al. , 2006 Bauer 2007; Feinendegen et al. 2007a,b; Koana et al. 2007; Liu 2007; Cohen 2008; Nakatsukasa et al. 2008 Nakatsukasa et al. , 2010 Tubiana 2008; Averbeck 2009; Scott et al. 2009; Tubiana et al. 2009; Takatori et al. 2010; Calabrese and Calabrese 2013; Kataoka 2013; Calabrese and Dhawan 2014) . The indicated components are differentially activated by low radiation doses and dose rates.
The radiation ANP system is responsible for the hormesis phenotype (mild-stress-stimulated reduced impairment status for and individual or reduced frequency of impairment among a population) for stochastic effects of irradiation such as cancer. Hormetic dose responses for stochastic radiation effects generally have a U or J shape, reflective of low-dose stimulation and high-dose inhibition (Luckey 1980; Ducoff 2002; Baldwin 1999, 2003) and the related stimulatory and inhibitory stochastic thresholds (Scott 2004 (Scott , 2005 Scott et al. 2009 ).
Some key studies of components of the radiation ANP system are discussed in the next section in relation to different hormesis phenotypes expressed at the molecular, cellular, tissue, organ, or organism level. Also discussed is the current knowledge about biological mechanisms responsible for different radiation-stimulated hormesis phenotypes and the related recognized and potential health benefits, which are largely unknown by the majority of the publics worldwide. Papers evaluated were published as early as 1927 and as recent as 2014. Oddly, much of the cutting-edge research has been carried out in Japan, the only nation directly impacted by nuclear-weapons detonations during war. Only peerreviewed publications were considered.
While most of the results presented are based on research by others, some of the results were derived by our research group which participated in the U. S. Department of Energy, Office of Science (BER) Low Dose Radiation Research Program that was halted by the recent government sequester.
Benefits of low and moderate radiation doses
Some studies demonstrating beneficial effects of low and moderate radiation doses are described in this section. Where mechanisms of radiation action have been proposed, they are also discussed.
Low-dose radiation stimulates antioxidant production, protecting from oxidative damage Low-dose radiation induces antioxidant defenses (Yamaoka et al. 1998; Kojima et al. 1998a,b; Kataoka 2013) . As an example, a whole-body X-ray dose of 200 mGy increased superoxide dismutase (SOD), glutathione peroxidase (GPx), and GPx mRNA in spleens of C57BL/6NJcl and BALB/c mice, which was not the case for a large dose of 4,000 mGy (Kataoka 2013) . Another study suggested that the levels of reduced glutathione (GSH), glutathione reductase (GR), γ-glutamylcysteine synthetase (γ-GCS), and thioredoxin (TRX) increased in liver shortly after whole body irradiation with 500 mGy of gamma rays (Kojima et al. 1998a ). In addition, the levels of GSH, GR, γ-GCS, and TRX increased in the brain shortly after 500 mGy of gamma rays (Kojima et al. 1998b) . The activation of antioxidant functions is mediated via transcriptional regulation of the γ-GCS gene, predominantly through the activator protein-1 binding site in its promoter region (Kawakita et al. 2003) . These findings support the view that exposure to low radiation doses (mild stresses) increase protective antioxidants which may contribute to hormetic phenotypes. Stochastic low-dose-radiation thresholds are likely involved as well as intercellular signaling, which may be epigenetically regulated (i.e., epiregulated; Scott et al. 2009 ).
Low-dose radiation activates DNA damage repair and protective apoptosis DNA double strand breaks are considered the most serious type of genomic damage. Sophisticated homeostatic mechanisms have evolved to correct or compensate for such damage, which occurs with relative high frequency as a result of normal metabolic activities within cells and normal microenvironmental changes. Currently, there are three known mechanisms of repair of double-stand breaks: non-homologous end joining, microhomology-mediated end joining, and homologous recombination. Low-dose-radiation stochastic thresholds are likely involved in DNA double-strand-break repair activation and may involve intercellular communications arising as an epiregulated cell-community-wide (epicellcom) process (Scott 2011a) .
Some information related to DNA damage repair activation by low radiation doses has been derived from studies of radiation-induced mutations. A sex-linked recessive lethal mutation assay was performed by Koana et al. (2007) in Drosophila melanogaster using immature spermatocytes and spermatogonia irradiation with 150-kVp X rays at a high (500 mGy/min) or low (50 mGy/min) rate. The mutation frequency in the sperm irradiated with a low dose at a low rate was significantly lower than that for controls, whereas irradiation with a high dose and rate resulted in a significant increase in the mutation frequency (i.e., hormetic response; low-dose protection and high-dose harm). When cells deficient in DNA excision repair were used instead of wild-type cells, low-dose irradiation at a low rate did not reduce the mutation frequency (i.e., no evidence for radiation ANP). These findings are consistent with the possibility that errorfree DNA repair functions were activated as an epicellcom process by low-dose/low-dose-rate irradiation and that this repaired spontaneous DNA damage throughout the target cell population as well as radiation-related damage, thus producing a practical threshold for induced mutation-related harm (e.g., mutation-facilitated cancer). The findings are not in line with the widely-used, linear-no-threshold (LNT) hypothesis as it relates to mutation and cancer induction.
The LNT hypothesis was initially justified on the basis of the dose-response function for mutation induction in germ cells of Drosophila melanogaster interpreted to be of the LNT type based on the very high X-ray doses employed (Muller 1927 (Muller , 1954 ; however, a more recent and more reliable study (Ogura et al. 2009 ) using gamma rays that included orders of magnitude lower radiation doses delivered at 22.4 mGy/h revealed that a strong adaptive response (hormetic phenotype) occurs at doses less than about 100 mGy with a significant reduction (p <0.01) in the mutation frequency to below the spontaneous level at a dose of 0.5 mGy. Because there is on average less than 1 electron track (from ionizations) per cell at the indicated absorbed dose, this is likely a protective bystander effect that relates to epigenetic activation (epiactivation) of adaptiveresponse genes (Scott et al. 2009 ). Thus, the initial basis for use of the LNT risk model has been invalidated. Interestingly, the 0.5 mGy dose up-regulated heat-shock-protein-and apoptosis-related genes as well as other mild-stress-response genes; however, DNA-repair-related genes were not upregulated (Ogura et al. 2009 ). Somewhat higher doses appear to be needed for up-regulation of DNA repair genes (Rothkamm and Löbrich 2003) . Rather than reliance only on DNA repair for tissue protection, damaged cells may be removed via selective apoptosis as a mild-stress response when signaled to divide (Rothkamm and Löbrich 2003) . These adaptive responses are probably regulated epigenetically. If so, each likely represents an epicellcom process (Scott 2011a ).
Low-dose radiation prevents harm from high doses
Many studies have demonstrated that a low radiation dose can prevent harm from subsequent high radiation dose. This type of radiation adaptive response has been called radiation conditioning hormesis (Calabrese et al. 2007) . Miura (2004) reviewed the extensive literature related to studies demonstrating that a small radiation dose protected from harm from a subsequent large radiation dose. The author put forth the evolutionary perspective that organisms living in an aerobic environment in order to survive were forced to evolve effective cellular strategies to detoxify reactive oxygen species. In addition to diverse antioxidant enzymes and compounds, DNA repair enzymes, and disassembly systems, which eliminate damaged proteins, regulatory systems that control transcription, translation, and activation have also developed. According to Miura (2004) , the adaptive responses, especially those to radiation, are defensive regulation mechanisms by which oxidative stress (e.g., from a conditioning low radiation dose) elicits a response against damage from a subsequent severe stress (e.g., challenging high radiation dose). The activation of DNA damage repair pathways is known to be an important component of the radiation adaptive response (Wolf 1992) .
A novel adaptive response study design was used by Day et al. (2007) . Using a sensitive in vivo chromosomal inversion assay (pKZ1 mouse prostate model), they demonstrated for the first time an adaptive response when a low X-ray dose (0.01-1 mGy) was given several hours after a high dose (1,000 mGy). This type of adaptive response has been called radiation post exposure conditioning hormesis (Calabrese et al. 2007 ). The adaptive responses in this study were of similar magnitude to the adaptive responses previously observed in the indicated test system when the low dose was given first. A chromosomal inversion adaptive response was also observed when a 1-mGy X-ray dose was preceded or followed by a dose of 0.01 mGy. This was the first example of an adaptive response when both doses are low. The authors stated that their data agree with previous reports of an on-off mechanism of adaptive response. They concluded that the induction of an adaptive response by a low dose after a high damaging dose provides evidence that the mechanisms underlying radiation adaptive responses are not due to prevention of damage induced by the high dose but to modulation of the cellular response to this damage.
Low-dose radiation stimulates selective removal of precancerous and other aberrant cells via intercellular signaling
The ability of a precancerous cell to escape natural anticancer signals imposed on them by neighboring cells and the microenvironment is an important stage in tumorigenesis (Portess et al. 2007 ). Portess et al. characterized a system of intercellular induction of apoptosis whereby nontransformed cells selectively remove neoplastically transformed cells from coculture via cytokine, ROS and RNS signaling. This has been called a protective apoptosis mediated (PAM) process (Scott 2008a,b) . Portess et al. (2007) demonstrated that irradiation of nontransformed cells with low doses of either high-LET alpha particles or low-LET gamma rays led to stimulation of intercellular induction of apoptosis (i.e., the PAM process). Using scavengers and inhibitors they confirmed the involvement of ROS/RNS signaling and the importance of transformed cell secreted NADPH oxidase in the selectivity of the system against transformed cells. Absorbed radiation doses as low as 2 mGy of gamma rays and 0.29 mGy of alpha radiation were sufficient to produce an observable increase in transformed cell apoptosis. However, this adaptive response process saturated at very low doses (50 mGy for gamma rays and 25 mGy for alpha radiation) under the exposure scenarios employed. By applying a neutralizing antibody assay, the researchers also confirmed an important role for transforming growth factor β (TGF-β) in the radiationinduced intercellular signaling. They also indicated that the protective system may represent natural anticancer mechanisms stimulated by extremely low doses of ionizing radiation (i.e., very mild stress). Tremme and Bauer (2013) more recently studied signaling between irradiated transformed (or tumor) and unirradiated nontransformed cells using a co-culture system involving both cells types, with a focus on the PAM process. They demonstrated that low-dose gamma rays substantially increased superoxide anion production in oncogenically transformed cells and tumor cells but not nontransformed cells. The enhancement was radiation-dose-independent for doses in the range 20−200 mGy, consistent with characteristics of an epicellcom process. The transfer of a few irradiated transformed cells to nonirradiated control cultures (bystander study) was sufficient for transmission of a signal to induced superoxide anion production in the nonirradiated cells. SiRNA-related knockdown and reconstitution experiments demonstrated that TGF-β1 was involved in the protective bystander effect triggered by low-dose gamma rays in this experimental system. A kinetic analysis by Tremme and Bauer (2013) revealed that the enhanced superoxide anion production was substantially reduced before the release of bystander signaling via activated TGF-β.
Other researchers demonstrated that low doses of low-LET photon radiation can lead to a reduction in the neoplastic transformation frequency to below the spontaneous level (Azzam et al. 1996; Redpath and Antoniono 1998 , 2001 while high doses lead to elevated transformation frequencies that increase as the dose increases further (i.e., hormetic responses). The reduction in the spontaneous frequency may relate to intercellular signaling between transformed and non-transformed cells leading to selective removal of the transformed cells, but this has not been investigated by the indicated researchers.
Redpath's group also studied the importance of dose rate in connection with radiation ANP against neoplastic transformation. A dose rate threshold (approximately 1 mGy/day) was revealed for ANP (Elmore et al. 2008 ).
Low-dose radiation suppresses inflammation and thereby protects from inflammatory diseases A multitude of experimental evidence has accumulated showing that low radiation doses functionally modulates a variety of inflammatory processes (Rödel et al. 2012) . The indicated modulations include hampered leukocyte adhesion to endothelial cells, a reduced activity of the inducible nitric oxide synthase, and lowered oxidative burst in macrophages (Rödel et al. 2012) .
Cigarette smoke contains the chemical benzo[a]pyrene (BaP) that when metabolized in the body produces the inflammation-promoting carcinogen BaP diol epoxide (BPDE) which has been demonstrated to induced lung tumors in animal models. Further, cigarette smoking is known to cause inflammation and related lung cancer in humans, which has been implicated to be suppressed by low-level exposure to radon in the home (Thompson et al. 2008; Scott 2011b) . Because BPDE modifies the microenvironment (e.g., stromal cells) of potential-cancer-causing lung epithelial cells (if undergoing neoplastic transformation), Chen et al. (2012) investigated whether low-dose-gamma rays could modulate the in vitro response of stromal cells to BPDE. The strategy employed was based on neoplastic transformation of human bronchial epithelial cells (HBEC) being an important step in the lung carcinogenesis process. The researchers employed a cell-culture-media-transfer approach and revealed that BPDE induces secretion of the proinflammatory cytokines interleukin-6 (IL-6), CLCX1 and CLCX5 from human lung fibroblast, and more importantly, a single low dose (90 mGy) of gamma rays inhibited the secretion (a novel hormetic phenotype).
Chen et al. (2012) also investigated the mechanism by which IL-6 secretion by fibroblasts promotes human bronchial epithelial cell (HBEC) transformation. Condition media from cigarette-smoke-carcinogen-treated fibroblast (cell line HFL1) strongly induced phosphorylation of STAT3 in an IL-6-dependent manner in HBEC. Direct application of IL-6 markedly potentiated BPDE-induced HBEC transformation, supporting the finding that IL-6 secretion from fibroblasts facilitates HBEC transformation. The finding that low-dose gamma rays suppresses fibroblast-derived, IL-6-mediated transformation is supportive of complementary observations of Vicent et al. (2012) discussed below. Vicent et al. (2012) conducted gene expression analysis comparing normal mouse lung fibroblast and cancerassociated fibroblasts (CAF) from mice. The researchers identified a set of genes (called secreted genes [relates to their associated proteins]) that correlate with the CAF phenotype. The indicated set of secreted genes is called a "gene signature". The gene signature for CAFs was found to be an independent marker of poor survival in patients with nonsmall-cell lung cancer. Genes comprising the gene signature were up-regulated in normal lung fibroblast after they were exposed to tumor cells for a prolonged period, implicating that lung fibroblast can be influenced by bystander tumor cells leading to taking on a CAF-like phenotype. Functional studies revealed important roles for IL-6 → IL-6R and CLF1 → CNTFR signaling in promoting non small cell lung cancer. Based on the work of Chen et al. (2012) , low-dose gamma rays would be expected to suppress IL-6 → IL-6R signaling and may also suppress CLF1 → CNTFR signaling. Nakatsukasa et al. (2008) studied the effect of low-dose gamma rays on collagen-induced arthritis (CIA) in DBA/IJ mice. The mice were immunized with inflammationpromoting type II collagen and exposed to low-dose gamma rays (500 mGy per week for 5 weeks). Paw swelling, redness, and bone degradation were suppressed by irradiation, which also delayed the onset of pathological changes and reduced severity of arthritis. The production of tumor necrosis factoralpha (TNF-α), interferon-gamma (IFN-γ), and IL-6, which have important roles in the onset of CIA, was suppressed by low-dose gamma irradiation. The level of anti-type II collagen antibody, which is essential for the onset of CIA, was also lower in irradiated CIA mice. The population of plasma cells was increased in the CIA mice; however, low-dose irradiation blocked the increase. Because regulatory T cells (Tregs) are known to be involved in suppression of autoimmune disease, the population of CD4
+ Tregs was evaluated by the researchers. Interestingly, a significant increase in Tregs was observed in the irradiated CIA mice. Overall, the data points to low-dose gamma rays attenuating CIA through suppression of pro-inflammatory cytokines and autoantibody production, and induction of Tregs. Based on a follow-up study with a similar design, the researchers concluded that the results obtain suggest that a major mechanism of attenuation of the pathology of collagen-induced arthritis by repeated 500 mGy gamma irradiation is up-regulation of Treg cells concomitantly with suppression of IL-6 and IL-17 production (Nakatsukasa et al. 2010 ).
Low-dose radiation stimulates anticancer and other immunity Sakai et al. (2003) using a mouse model for skin-tumor induction by injected chemical carcinogen (0.5 mg of 20-methylcholanthrene [MC] in olive oil), examined the reduction in MC-induced skin tumors as a result of chronic exposure to Cs-137 gamma rays at different dose rates (0.3, 0.95, or 2.6 mGy/h). Thirty-five days after the start of irradiation, mice were injected via the groin with MC and radiation exposure was then continued at the same dose rate as before the injection. Cumulative tumor incidences after 216 days following MC injection were 94 % in mice irradiated at 0.3 mGy/h, 76 % at 0.95 mGy/h, 89 % at 2.6 mGy/h, and 94 % in non-irradiated control mice. Only the result (76 %) for the 0.95 mGy/h group was significantly below (p <0.05) the controls. The protection afforded by the chronic low-dose-rate exposure to low-LET radiation was attributed to a hierarchy of adaptive response mechanisms that include antioxidant capacity, repair of DNA damage, removal of neoplastically transformed cells via apoptosis, and removal of proliferating cancer cells by the immune system. Indeed, Sakai and his colleagues were one of the first groups to recognize the hierarchical nature of radiation adaptation.
Internal exposure to high-level cigarette smoke carcinogen benzo[a]pyrene (BaP) causes inflammation and in mouse models has been demonstrated to lead to multiple lung tumors per animal. Using chemopreventative agents, researcher have successfully protected from BaP-exposure related lung cancers by using select agents that reduce the dose of ultimate carcinogen (e.g., BPDE) that arises in the body via metabolism of BaP. However, such studies do not relate to boosting the body's natural defenses against cancer. Given that lowdose radiation suppresses cancer-facilitating inflammation, one might expect that low-dose radiation may reduce the number of lung tumors in mice exposed to high-level BaP, provided anti-inflammatory genes are not epigenetically silenced via the high level BaP exposure. Bruce et al. (2012) examined the effects of injected BaP alone or in combination with fractionated low-dose gamma radiation (60 -600 mGy) on the induction of lung adenomas in A/J mice. The results obtained showed that 600 mGy to the total body delivered in six biweekly fractions of 100 mGy starting 1 month after BaP injection significantly reduced the number of lung tumors (adenomas) induced per animal. The 60 mGy group (10 mGy fractions) did not reveal any radiation protection against BaP-induced lung adenomas, which suggests that DNA double-strand-break repair (which should be induced by both 10 and 100 mGy fractions [Rothkamm and Löbrich 2003] ) may not explain the protection observed for the 600 mGy group. Suppression of inflammation and stimulation of anticancer immunity appear more plausible explanations of the protection afforded by the six 100 mGy fractions. The data of Bruce et al. (2012) also indicated that the six biweekly doses of 100 mGy suppressed the occurrence of spontaneous hyperplastic foci in the lung, although this suppression failed to reach statistical significance when analyzed based on average foci per lung, possibly related to the small sample sizes used for the control and test groups. Kojima et al. (2004) examined whether the increase of glutathione level induced by low-dose gamma rays is involved in the appearance of enhanced natural killer (NK) activity and antibody-dependent cellular cytotoxicity (ADCC), leading to a suppression of tumor growth in Ehrlich solid tumor-bearing mice. NK cell activity in ICR mouse splenocytes significantly increased from 4 to 6 h after whole-body exposure to 500 mGy and thereafter decreased almost to the background level by 24 h post exposure. ADCC also had a similar pattern over time. Reduced glutathione exogenously added to splenocytes in culture obtained from normal mice enhanced both NK activity and ADCC in a dose-dependent manner. Tumor growth was also examined in tumor-bearing mice. Tumor growth after inoculation was significantly delayed by low-dose irradiation. The results suggested that low-dose gamma rays activate immune functions via an induction of glutathione, leading to a delay of tumor growth.
Studies by Hayase et al. (2013) investigate the influence of repeated 500-mGy gamma-ray dose on the Th1/Th2 immunity balance in Ehrlich-Solid-Tumor-bearing mice. The repeated doses significantly delayed the growth of tumors. The cytotoxic activities of natural killer cells and cytotoxic T lymphocytes were enhanced after repeated irradiations. The irradiation increased the production of IFN-γ by splenocytes of tumor-bearing mice with there Interleukin (IL-4) unchanged, resulting in an increased IFN-γ/IL-4 ratio, a hallmark of a Th1 shift. Irradiation also increased IL-12 production and levels of reduced-glutathione in macrophages. Cheda et al. (2004a,b) demonstrated that single exposure of mice to 100 or 200 mGy of X rays led to significant inhibition of the development of artificial tumor metastases (from injected tumor cells) in the lungs and that the effect was related in part to the enhanced activity of natural killer cells. In another study by the same group, they demonstrated that inhibition of the tumor metastases by single exposure of mice to 100 or 200 mGy of X rays results, to a large extent, from stimulation of the cytocidal activity of macrophages, which secrete enhanced amount of nitric oxide (Nowosielska et al. 2006) . Takahashi and Kojima (2006) examined the effect of ingested radon ( 222 Rn, t 1/2 =3.82 days, alpha particle energy =5.49 MeV) in disease suppression using two experimental disease mouse models (radon concentrations in drinking water at the time of use varied over a wide range). Model 1: Ingestion exposure of five-week-old SPF NC/Nga mice to radon significantly delayed the progression of atopic dermatitis-like skin lesions induced by picrylchloride (2,4,6-trinitrochlorobenzene). Model 2: The number of pulmonary metastatic foci in sixweek-old male C57BL/6 mice inoculated with B16 melanoma cells 2 weeks after start of radon ingestion was reduced significantly by the ingested radon. In addition, the IFNγ/IL-4 ratio in splenocytes from BALB/c mice immunized with DNPAscaris was significantly increased by ingested water containing radon. These results were interpreted by Takahashi and Kojima (2006) to indicate beneficial modulation of the immune system by the ingested radon. Thompson et al. (2008) in an epidemiological study of lung cancer in association with residential radon exposure revealed a reduction in lung cancer cases for persons living in homes with radon levels near and at the U.S. Environmental Protection Agency's action level of 4 pCi/L. Further, the dose-response relationship was found to be hormetic, supporting the view that low-level radiation stimulates the body's natural defenses and protects from cancer induction by other agents (e.g., cigarette smoke carcinogens). In an analysis of the data of Thompson et al. (2008) by Scott (2011b) using a hormetic relative risk (HRR) model that allows assessing the percentage of the population that benefits from radiation ANP, it was found that everyone may benefit from radiation ANP for living in homes with radon levels near to (below and above) and at the EPA's action level. In addition, the analysis of the data revealed that eliminating radon from the home in such cases could actually lead to an increase in the risk of lung cancer due to a loss of radiation ANP against cancer.
With the HRR model, the threshold dose for radiation hormesis varies for different individuals (Scott 2011a, b) . Similarly, the higher threshold dose that suppresses adaptive-response mechanisms also varies between different individuals. The distributions of the beneficial low-dose threshold and harmful high-dose threshold were the basis of the J-shape, dose-response curve for lung cancer relative risk. Variable thresholds are also expected for other cancer types, with the threshold distributions depending on the individual and cancer type. Variable thresholds are also expected to apply to other diseases. Whether doses below the minimum hormetic dose are harmful or not is unknown.
Low-dose-radiation exposure during gestation causes lasting protective epigenetic changes in male offspring To determine if deleterious or protective epigenetic changes occur when exposed to low-dose radiation doses during gestation, Bernal et al. (2013) utilized the viable yellow agouti (A vy ) mouse model (Duhl et al. 1994) . This mouse strain is very sensitive to environmental agents that alter the fetal epigenome. Variable expression of the A vy metastable epiallele is regulated by epigenetic modifications, such as cytosinephosphate-guanine (CpG) site methylation and histone marks that are established early during development in and around the cryptic promoter in a transgene upstream of the Agouti gene (Bernal et al. 2013) . A transgene is an exogenous gene that is introduced into an organism so that it will have a new characteristic that can be transmitted to offspring. Metastable epialleles are variably expressed in genetically identical individuals because of epigenetic modifications of genes that occur during early development. Hypomethylation of the alternative promoter leads to inappropriate Agouti gene expression in all tissues in A vy mice (Bernal et al. 2013) . This leads to a yellow coat color (morbidity-promoting phenotype) and also antagonizes the melanocortin 4 receptor (MC4R) in the hypothalamus, which causes the animals to become obese and to develop cancer and diabetes at high frequencies. Exposure to low-dose radiation (14 to 30 mGy) led to protective epigenetic changes (coat color shifted from yellow towards brown [p <0.01]) in a sex-specific manner, with male offspring benefiting (reduced risks for obesity, cancer, and diabetes) more than female offspring. The protective changes were inhibited by antioxidants, indicating that the adaptive protection induced by mild radiation stress during gestation is mediated at least in part via ROS.
More data are accumulating from experimental animal studies showing that mild stresses at a young age can protect via epigenetic reprogramming from damage from severe stresses later in life as well as slow the rate of ageing and increase lifespan. Single or multiple exposures to low doses of otherwise harmful agents (e.g., radiation, heat stress, ROS) can cause a variety of anti-ageing and lifespan-extending effects that appear to relate to epigenetic reprogramming of genes as an adaptive response (Vaiserman 2011) . The early-in-life-induced epigenetic reprogramming is not limited to specific genes or genomic regions but rather is consistent with a genome-wide epigenomic response (Vaiserman 2011 ).
Low-dose radiation slows ageing and prolongs life Nomura et al. (2013) evaluated the effect of continuous exposure to low-dose-rate gamma rays on lifespan of mice with accelerated ageing caused by mutation of the klotho gene. While control mice did not survive more than 80 days, more than 10 % of mice exposed continuously to 0.35 or 0.7 mGy/h of gamma rays from 40 days after birth survived more than 80 days. Four percent of the irradiated mice survived for more than 100 days. Low rate gamma-ray exposure significantly increased plasma calcium concentration in the mutant mice, and concomitantly increased hepatic catalase activity. The researchers concluded that their data suggest that low-doserate ionizing radiation can prolong the lifespan of mice in certain settings.
Low-dose radiation stimulates beneficial Wnt/β → catenin signaling, neural stem cell proliferation, and nerve cell production in the hippocampus Nerve cell production (neurogenesis) in the hippocampus is actively involved in neural circuit plasticity and learning of mammals; however, learning capacity can decrease significantly with ageing and with the aging-related neurodegenerative disorder Alzheimer's disease. Increasing evidence points to Wnt/β → catenin signaling as being critical in control of proliferation and differentiation of neural stem cells or progenitors in the hippocampus. Wei et al. (2012) studied the influence of low-dose (300 mGy) X rays on neurogenesis in the hippocampus of mice. Low-dose X rays induced significant increases in Wnt1, Wnt3a, Wnt5a, and β-catenin expression in both neural stem cells and in situ hippocampus. Low-dose radiation also enhanced neurogenesis in hippocampus. In addition, it promoted cell survival and reduced apoptotic death of neuronal stem cells. In contrast, a high dose of 3,000 mGy caused detrimental effects on signaling and neurogenesis (i.e., hormetic dose-response relationship). The research findings were interpreted by Wei et al (2012) to reveal beneficial effects of low-dose radiation related to stimulating neural stem cell prolifereation, nerogenesis of hippocampus, and animal learning, possibly via stimulating Wnt/β → catenin signaling cascades, suggesting its translational application role in devising new therapy for aging-related neurodegenerative disorders, especially Alzheimer's disease.
Moderate radiation doses reduce asthma severity Mitsunobu et al. (2003) examined in a pilot study the bronchial asthma mitigating effect of combined radon and thermal therapy of human subjects. The therapy is based on the knowledge that increased systemic production of ROS by activated inflammatory cells have a pathophysiological role in bronchial asthma that might be mitigated via increased antioxidants stimulated by radiation exposure (from inhaled radon). The aim of the study was to evaluate the clinical efficacy of combined radon and thermal therapy on asthma in relation to antioxidant enzymes and lipid peroxide. The combined therapy was performed once a week. All subjects went to a hot bathroom with a high concentration of radon and nasal inhalation of radon from a hot spring was performed for 40 min under conditions of high humidity. The room temperature was 48°Celsius and the room average radon concentration was 2,080 Bq/cubic meter. On day 28 the catalase and superoxide dismutase activities were significantly increased compared to controls while the lipid peroxide level was significantly decreased. In addition, the forced expiratory volume in one second was significantly increased at the indicated follow-up time. The researchers concluded that their pilot study demonstrated that combined radon + thermal therapy improved the pulmonary function of asthmatics by increasing antioxidant enzymes in the respiratory tract. Park et al. (2013) investigated whether low-dose radiation exacerbates allergic asthma responses in C57BL/6 mice sensitized and challenged with ovalbumin (OVA) to induce asthma. The mice were irradiated (whole-body) once daily for 3 consecutive days with a 667 mGy dose of gamma rays given 24 h before each OVA challenge. Repeated gamma irradiation reduced OVA-specific IgE levels, the number of inflammatory cells (including mast cells), goblet cell hyperplasia, collagen deposition, airway hyper-responsiveness, expression of inflammatory cytokines, the chmokine system CC ligand 2 (CCL2) with its receptor CC receptor 2 (CCR2), as well as nuclear factor kappa B (NF-κB) and activator protein-1 activities. These factors were increased in broncheoalveolar lavage cells and lung tissue of OVA-challenged mice. The data obtained was interpreted to suggest that low radiation doses enhance Foxp3
+ and IL-10-producing Tregs, which reduce OVA-induced allergic airway inflammation and tissue remodeling through the down-regulation of migration by the CCL2/CCR2 chemokine axis and activation of mast cells via OX40/OX40L in lung tissue of OVA-challenged mice.
Discussion
It is now recognized based on research as early as 1975 that low radiation doses are not harmful and may invoke hormetic phenotypes via stimulating the body's natural defenses (Ducoff 1975; Kondo 1993; Hashimoto et al. 1999; Mitchel et al. 2003; Sakai et al. 2003; Nowosielska et al. 2006 Nowosielska et al. , 2010 Pollycove 2006; Sakai 2006; Lacoste-Collin et al. 2007; Jaworowski 2008; Pollycove and Feinendegen 2008; Rithidech and Scott 2008; Sanders and Scott 2008; Scott et al. 2009; Cuttler 2010; Jaworowski 2010a,b; Sanders 2010; Vaiserman 2011; Nomura et al. 2013 ). Components of the indicated low-dose-radiation stimulated protective effects have been observed in a wide variety of organisms, ranging from simple prokaryotes to higher eukaryotes suggesting that the phenomena are evolutionary conserved (Makinodan and James 1990). Depending on the radiation dose rate and radiation dose level, components of the hierarchy of protective mechanisms (increased antioxidants, selective apoptosis of aberrant cells, DNA damage repair in cells with repairable injury, apoptosis of severely damage cells, inflammation suppression, and enhanced anticancer immunity) are differentially activated by low dose radiation and can suppress cancer induction by high-level-cigarette-smoke and other chemical carcinogens, may lead to life lasting beneficial epigenetic changes when exposed during gestation, can reduce the severity of asthma, can relieve pain from arthritis, may reduce the severity of diabetes, may aid in treating Alzheimer's disease, and could slow the rate of ageing. Variable thresholds for radiation hormesis are expected to apply for different individuals and for different endpoints. For the same individual and for cancer prevention, variable hormesis thresholds (radiation doses) are also expected for different cancer types.
Unfortunately the potential enormous benefits of lowdose radiation that were discussed here are largely unknown to the majority of the general public who has been mislead by influential organizations and individuals to believe that any amount of radiation is harmful, no matter how small.
It is clear that low-dose-radiation ANP is responsible for the radiation hormesis phenotype for stochastic effects such as mutations, neoplastic transformation, and cancer. The hierarchical ANP system is at least in part epiregulated, e.g., via microRNAs (miRNAs) and other means (Vaiserman 2011; Bernal et al. 2013) . Emerging data suggest that mild stress (e.g., low-level radiation) can rapidly alter the biogenesis of miRNAs, the expression of mRNA, and the activities of miRNA-protein complexes (Leung and Sharp 2010) . As a sensor of environmental and other stresses, the tumor suppressor gene p53 is activated by DNA damage. It also regulates the expression of specific miRNAs at the transcription and processing levels, which can lead to activation of adaptiveresponse genes that differentially control the hierarchal system of radiation ANP.
Components of the presumed epiregulated system of natural protection can be activated by gamma-ray doses as low as 0.5 mGy above natural background as was demonstrated by Ogura et al. (2009) for suppression of spontaneous mutations and the activation likely involves rapid epireprogramming of the genome (Scott et al. 2009 ). This allows for rapidly mounting DNA damage repair, antioxidant production, protective cytokine (e.g., low-level TGF-β1) releases, etc. At a gammaray dose of 0.5 mGy, the small number of spontaneous mutant cells in the target population is unlikely to be directly destroyed by radiation tracks (e.g., ionization election tracks after gamma-or X-ray exposure). Thus, the adaptive response (hormetic phenotype) observed by Ogura et al. (2009) is likely an epiregulated protective bystander effect implemented as an epicellcom process.
Radiation doses much higher than current natural background radiation levels promote epigenetically silencing (episilencing [Scott et al. 2009 ]) of adaptive-response genes and can significantly suppress the immune system (Liu 2007) , facilitating development of cancer and other diseases. As might be expected, protective epigenetic changes appear to be orders of magnitude more likely after low radiation doses than an induced mutation of a given type in a given gene (Scott 2013) . Low-dose radiation epiactivation of adaptive response genes and their episilencing by high radiation doses provides a basis for hormetic (U-or J-shaped) dose-response relationships for mutation induction, neoplastic transformation and cancer.
The natural protection system appears to be more efficiently (i.e., over a wider dose range) activated by low-LET radiation than high-LET radiation and this may relate to a link between the microdose (dose to very small targets like the cell nuclei) spatial and temporal distributions and the intensity of the protective intercellular signaling associated with ANP (Feinendegen et al. 2007b ). More cells are hit when low-LET radiation is used than for high-LET radiation, for a given macroscopic radiation dose (i.e., absorbed dose representing energy deposition per unit macroscopic mass), because the low-LET radiation dose is more uniformly distributed.
The benefit of radiation ANP for children is less clear than for adults . There is however evidence for chronic low-rate exposure to gamma rays protecting children from sporadic cancer (Chen et al. 2007) .
Life lasting beneficial epiregulated hormetic phenotypes (less obesity, fewer cancers, fewer diabetics) brought on by exposure to low radiation doses during gestation were demonstrated by Bernal et al. (2013) for offspring using the very sensitive viable yellow agouti (A vy ) mouse model. Male offspring benefited more than did female. Whether the same benefits occur in humans is unknown, but could be investigated by comparing populations residing in high natural background radiation areas with those residing in low natural background radiation areas.
Previous ecological studies that compared disease prevalence in regions of high natural background radiation regions with that for low natural background radiation regions have demonstrated associations between disease reduction and increasing background radiation levels (Luckey 1991; Mifune et al. 1992; Sawat 2000; Kojima et al. 2002; Hart 2010 Hart , 2011a Fornalski and Dobrzyński 2012) .
Regarding the future, there is great potential for low-dose radiation therapy for certain diseases and for use of low-dose radiation in disease prevention (e.g., for heavy smokers) and for improved treatment of intense pain associated with inflammatory diseases. This includes debilitating diseases such as cancer, arthritis, diabetes, and Alzheimer's. Hopefully, these benefits will be soon achieved and become commonplace. A worldwide research initiative focusing on radiation hormesisphenotype-related mechanisms and implications for disease therapy and prevention could lead to huge dividends for all. A major current obstacle is the invalid LNT hypothesis whose use by regulatory agencies should be abandoned because of the enormous harm it has already caused (Orient 2014) . Another obstacle is the lack of research support for low-dose radiation studies in the United States.
The discussion is ended with the following LNT hypothesis-related quote from 20 years ago:
"Existing data obtained with beams of electrons, protons, X ray photons, incorporated tritium and 125 I, demonstrate that hundreds of electrons may traverse a cell for inactivation and millions may be required for cancer induction. If the linear extrapolation were valid these numbers would be reduced to one. The contradictions suggest serious reconsideration of accepted radiation protection standards." Katz and Waligorski (1994) 
